Herbs are widely used in the treatment of atopic dermatitis (AD) in Eastern Asian countries, and certain herbs regarded have anti-inflammatory properties that can help with AD. With the goal of developing a topical herbal agent for AD, we conducted a systematic review of in vivo studies of AD-like skin models for screening potential herbs. Searches were conducted from PubMed and EMBASE. After all, 22 studies were included for this review. We judged most of the domains of all studies to be at unclear risk of bias. Among 22 included studies, 21 herbs have been reported to reduce AD-like skin lesions in mouse models by suppressing Th2 cell response. Our findings may offer potential herbs for the topical application treatment of AD.
Introduction
There are many chemical substances that have been derived from plants for use as drugs, and these include some of the most utilized drugs such as aspirin, atropine, digoxin, ephedrine, morphine, quinine, and taxol. The latest version of the Dictionary of Natural Products (DNP; http://dnp.chemnetbase.com/) has just over 260,000 entries. Over the past decades, natural sauces have only taken a secondary role in drug discovery and development after the advent of molecular biology and combinatorial chemistry. However, as a basis for drug development, a new interest in the role of natural sauces has been concentrated, because various "-omics" technologies now allow scientists to detail the exact biological effects of natural sauces [1] .
Atopic dermatitis (AD) is a chronic inflammatory skin disease with an increasing prevalence in industrialized countries. AD is characterized by pruritus; eczematous lesions accompanied by excessive infiltration of inflammatory cells such as lymphocytes, macrophages, and granulated mast cells in the skin lesions; eosinophilia in the peripheral blood; and high levels of serum immunoglobulin IgE. Although the pathogenesis of AD has not yet been fully understood, genetic, environmental, pharmacological, psychological, immunological, and skin barrier dysfunction factors are believed to contribute to the underlying pathogenic mechanisms [2] [3] [4] .
Topical steroids are commonly used to treat moderateto-severe AD, but long-term use of steroids at high concentrations is associated with a number of side effects [5] . Among various natural sources such as plants, animals, or microorganisms, herbs are widely used in the treatment of atopic dermatitis (AD) in Eastern Asian countries, and certain herbs regarded have anti-inflammatory properties that can help with AD. Our interest is to develop a safe and curative herb derived agent for AD using medical knowledge and clinical experience of herbal medicine combining with molecular biology and combinatorial chemistry technologies. Recently, since Sandercock and Roberts drew attention to the need for more animal studies before beginning studies in human patients [6] , there has been an increasing interest in the systematic reviews of research involving animals.
Systematic reviews can aid in the development of more effective therapeutic agents for AD by extrapolating the results of animal studies to humans [7] . We performed a systematic review with this goal in mind and our objectives were (i) to screen topically applicable herbs for AD, (ii) to suggest potential mechanisms of action of topical herbal application in animal models of AD, and (iii) to ascertain the conditions of animal experiments used in the studies. articles being retrieved. From the potentially relevant articles ( = 166), we excluded 144 articles based on the predefined exclusion criteria, resulting in a total of 22 studies being included in this review ( Figure 1 ). Figure 2 shows the study quality checklist items reported for each included study, including random allocation to treatment groups ( = 8, 36.4%), compliance with animal welfare regulations ( = 22, 100%), and statements of a potential conflict of interest ( = 16, 72.7%). None of the studies reported allocation concealment, examiner blinding, sample size calculation, and if results were based on analysis of the intent-to-treat population.
Methods

Criteria for Considering Studies for This Review
Inclusion Criteria
Exclusion Criteria
Risk of Bias.
Basic Characteristics and Investigated Herbs in the
Included Studies. Twenty-one studies were conducted in Korea and one was conducted in Japan. In two studies, herbs of the genus Chrysanthemum were investigated. Otherwise, there were no studies investigating the same herb (Table 4) . Herbal extracts were prepared using ethanol, water, methanol, butanol, chloroform, 1,3-butylene glycol, or indirect heat.
Animal Models Used in the Included
Studies. All studies used mice to investigate topical herbal application in an in vivo setting. The NC/Nga mouse ( = 16) was the most frequently used mouse model in these studies, followed by BALB/c ( = 4), C57BL/6 ( = 1), and hairless mice ( = 1).
The methods used for induction of AD-like skin lesions varied depending on the study. Repeated cutaneous application of chemical allergens and house dust mite allergens was used in 15 and 10 studies, respectively. Skin injury by stripping using surgical tape was used in 2 studies. For barrier disruption, sodium dodecyl sulfate (SDS) was applied to the lesions in 8 studies. Dorsal skin, ears, or a combination of dorsal skin and ears was used in most of the studies (Table 3) .
Main Outcomes Investigated, Results, and Suggested Mechanisms of Action.
In most of the studies, clinical symptoms, serum IgE levels, and Th1-and/or Th2-related cytokines and/or chemokines were assessed as outcome measurements (Table 4 ). The clinical severity of dermatitis was scored, and severity was found to have decreased after topical herbal application in 15 studies. Epidermal, dermal, or ear thickness was measured and was found to be decreased in 13 studies, indicating a decrease in the severity of the inflammatory process. Frequency of scratching was measured by counting scratching episodes in 5 studies, either directly or by reviewing videos of the animal. After topical herbal application, the frequency of scratching was decreased in all 5 studies.
Elevated serum IgE levels are important characteristics of AD. Serum or plasma IgE levels were measured in 21 studies, and, in 20 of these, serum or plasma IgE levels were decreased after the topical herbal application. However, in one study [9] , neither topical Rehmannia glutinosa extract nor tacrolimus reduced the increased serum IgE levels after [27] F / h a i r l e s s m o u s e D N C B N / A D o r s a l s k i n Lee et al. [14] M/NC/Nga mouse DfE SDS Dorsal skin, ears Choi et al. [15] F/NC/Nga mouse DfE N/A Dorsal skin Sohn et al. [28] M/BALB/c mouse DNCB N/A Dorsal skin Wu et al. [29] M/NC/Nga mouse DNFB N/A Dorsal skin Yang et al. [16] F/NC/Nga mouse DNCB N/A Dorsal skin, ears Sung et al. [30] M/NC/Nga mouse DfE SDS Dorsal skin, ears Nam et al. [31] M/C57BL/6 mouse DNFB N/A Abdominal skin, ears Choi et al. [24] F/BALB/c mouse DNCB, DfE, and skin injury N/A Ears Sung et al. [9] M/NC/Nga mouse DfE SDS Dorsal skin, ears Lee et al. [22] M/NC/Nga mouse DfE SDS Dorsal skin, ears Ngatu et al. [17] M/NC/Nga mouse TNCB N/A Abdominal skin, ears Yang et al. [18] F/NC/Nga mouse DNCB SDS Dorsal skin, ears Hwang et al. [25] F/BALB/c mouse DNCB, DfE, and skin injury N/A Ears Choi et al. [32] M/NC/Nga mouse DNCB N/A Dorsal skin, ears Sung et al. [33] M/NC/Nga mouse DNCB and DfE SDS Dorsal skin, ears Kang and Shin [34] M/NC/Nga mouse DNCB N/A Dorsal skin Sung et al. [35] M/NC/Nga mouse DfE SDS Dorsal skin, ears Park et al. [10] F/NC/Nga mouse DNCB N/A Dorsal skin, right ear Yang et al. [36] M/NC/Nga mouse DfE N/A Dorsal skin, ears Kim et al. [37] F/BALB/c mouse DNCB SDS Dorsal skin Choi et al. [38] M allergen sensitization, although they both suppressed the expression of interleukin-(IL-) 4 mRNA in the ear lesions. Antigen-specific IgE levels were measured in two studies, both of which used house dust mite allergen and DNCB to induce AD-like skin lesions. Most of the included studies investigated the Th2-response suppressing effects and/or Th1-response modulating effects upon topical herbal application in the AD-like mouse models. In 14 studies, only Th2-related biomarkers were measured, while both Th1-and Th2-related biomarkers were measured in nine studies. In all 21 studies that measured Th2 responses, topical herbal application resulted in decrease of Th2-related cytokines, chemokines, proinflammatory factors, and adhesion molecules. Conversely, among the eight studies that measured interferon-(IFN-) , topical herbal application resulted in increased IFN-levels in two studies, decreased levels in five studies, and no induced changes in one study. Interestingly, in one study [10] , Chrysanthemum indicum L. decreased both Th1 (IFN-) and Th2 cytokines (IL-4 and IL-13); however, the ratio of Th1 to Th2 cytokines was increased by herbal application.
Discussion
Herbal medicine is the use of medicinal plants for prevention and treatment of disease. Herbs and their derivatives have been, and continue to be, rich sources for drug discovery. Recently, results from several studies have indicated that patients with AD may benefit from herbal medicines [11] [12] [13] . Certain herbs are regarded to have anti-inflammatory properties that can reduce the symptoms of AD. In Asian herbal medicine, herbs are categorized according to their functions. One such group of categorized herbs is named the clear heat drug group (凊熱藥), and these herbs can be used for treating fever, infectious disease, and inflammatory conditions. Among the included 22 studies, seven studies [9, 10, [14] [15] [16] [17] [18] investigated herbs belonging to the clear heat drug group. Among these seven studies, two studies investigated herbs of the genus Chrysanthemum.
Since multiple genetic and environmental factors may underlie AD, the notion of developing a single comprehensive animal model is unrealistic [19] . Since the description of the Nc/Nga mouse as the first spontaneously occurring model of AD in 1997 [20] , a number of mouse models have been developed. They can be classified into three groups: (1) models induced by epicutaneous application of sensitizers, (2) mice that spontaneously develop AD-like skin lesions, and (3) transgenic mice that either overexpress or lack selective molecules [21] .
NC/Nga mice were used in 16 of the analyzed studies. These mice are free of dermatitis in pathogen-free conditions but develop a spontaneous AD-like eruption when conventionally housed, and they have historically been viewed as one of the best animal models for assessing this condition [19] . In other studies, models induced by epicutaneous application of sensitizers were used. However, none of the included studies used genetically engineered mouse models.
In most of the included studies, clinical symptoms, serum IgE levels, and Th1-and/or Th2-related cytokines and/or chemokines were measured as outcome measurements. Based on the decreased clinical scores, ear or epidermal thickness, scratching behaviors, and histological inflammations after herbal application, it can be hypothesized that topical herbal application has anti-inflammatory effects. However, we could not conduct a meta-analysis to integrate quantitative analyses, since the studies included in our study all investigated different types of herbs.
Elevated serum IgE levels are an important feature of AD. Several studies have demonstrated that serum IgE levels are elevated in patients with AD; furthermore, serum IgE levels have been shown to be elevated in NC/Nga mice with AD-like skin lesions [20] . Among the 22 included studies, serum or plasma IgE levels were measured in 21 studies, and, in 20 studies, serum or plasma IgE levels were decreased after herbal treatment. However, in one study [9] , neither topical application of Rehmannia glutinosa extract nor tacrolimus reduced the increased serum IgE levels after allergen sensitization, although they both suppressed the expression of IL-4 mRNA in the ear lesions and serum. The authors discussed two possible reasons for this observation: (i) that locally expressed IL-4 in the ear lesions did not contribute to systemic IgE production or (ii) that, in a shortterm study with topical herbal application, effects on serum IgE may not be observed [22] . However, we noted that the authors did not measure the levels of allergen-specific IgE, and, in general, total IgE concentrations are a relatively crude method of detecting allergic disorders, since normal values do not exclude the presence of allergic disease, particularly to a single allergen, and since elevated levels of total IgE can be found in many patients with no evidence of allergy [23] .
Conversely, both total and allergen-specific IgE levels were measured and found to be decreased after topical application of water-soluble extract of Lindera obtusiloba and Phellinus linteus in two studies, which used both house dust mite allergens and DNCB to induce AD-like skin lesions [24, 25] . Furthermore, water-soluble extract of P. linteus did not affect the total IgG levels, and it was found to be more potent than ceramide in reducing mite-specific IgE levels. These data suggest that certain herbs can suppress allergic responses in an allergen-specific manner. Nevertheless, immunological and clinical parameters for the assessment of antigenspecific immune responses were not measured in most of the studies.
Both Th1-and Th2-type cytokines contribute to the pathogenesis of AD, and their expression patterns are not mutually exclusive [2] . Th2 cytokines such as IL-4, IL-5, and IL-13 play key roles in the hyperproduction of IgE, whereas Th1 cytokines, especially IFN-, are strong inhibitors of IgE synthesis, Th2 cell proliferation, and IL-4 receptor expression on T-cells [26] . Development of AD is induced by Th2-type responses, while the chronic inflammatory responses are dominantly mediated by Th1-type reactions.
Among the 22 included studies, 21 herbs were reported to reduce AD-like skin lesions in mouse models by suppressing Th2 cell response with or without balancing of the Th1/Th2 cell response. In eight studies, Th1 cytokines were measured and showed different results. Based on this review, it seems that investigators mainly assess Th1-and Th2-related mechanisms to explain the anti-inflammatory effects of herbs.
In the present study, out of 166 potential studies, we identified 22 studies that met all the selection criteria. It showed that there is room for methodological improvement in the studies. Most studies were at an unclear risk of bias; therefore, it was not possible to accurately determine the degree of bias of the described treatment effects. Further research should be conducted with well-designed methodological research protocols using random allocation, allocation concealment, assessor blindness, sample sizes calculation, and intention-totreat-respected analyses.
Twenty-one studies were conducted in Korea and one was conducted in Japan. For identifying all potentially relevant researches, the search strategy in the present study included American (PubMed) and European (EMBASE) databases. No attempts were made to retrieve articles from Chinese, Korean, or Japanese databases. Also, non-English articles from PubMed and EMBASE were not included. Because of these, studies may have been excluded. However, when we made our search strategy, we did not expect different results among the countries (Korea, Japan, and China) which conduct a relatively large number of studies on herbs. We assume that the great interest in topical use of herbs and the large number of research and development (R&D) projects on herbs in Korea have been important factors of the results.
In summary, we have reviewed studies investigating topical herbal application in AD-like animal models. For all studies, we judged most domains to be at unclear risk of bias. Herbs of the genus Chrysanthemum were used in two studies, and seven studies investigated herbs of the clear heat drug group. Among the AD-like animal models, NC/Nga and BALB/c mice treated with chemical haptens, DNCB, DNFB, or TNCB were used in most of the studies. Clinical symptoms, serum IgE levels, and Th1-and/or Th2-related cytokines and/or chemokines were assessed as outcome measurements. Among the 22 included studies, 21 herbs were reported to reduce AD-like skin lesions in mouse models by suppressing Th2 cell responses. By summarizing the results from the published literature, we hope that this study might aid in finding a potential herbal therapeutic agent for the treatment of AD. The limitation of this study was that a meta-analysis was not conducted because of the variety of investigated herbs included in the studies. Nevertheless, this review may assist in identifying directions for further researches endeavors.
